Structures of stable compositions of sodium oxide cluster cations (Na n O m + , n≤11) have been investigated by ion mobility mass spectrometry. Stoichiometric compositions series, Na(Na 2 O) (n−1)/2 + (n=3, 5, 7, 9, and 11), were observed as stable composition series, and NaO(Na 2 O) (n−1)/2 + series (n=5, 7, 9, and 11) were observed as secondary stable series in the mass spectra. To assign the structures of these cluster ion series, collision cross sections between the ions and helium buffer gas were determined experimentally from the ion mobility measurements. Theoretical collision cross sections were also calculated for optimized structures of these compositions. Finally, the structures of Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + were assigned to those having similar structural frames for each n except for n=9. All bonds in the assigned structures of Na(Na 2 O) (n−1)/2 + were between sodium and oxygen. On the other hand, there was one O−O bond in addition to Na−O bonds in NaO(Na 2 O) (n−1)/2 + . This result indicates that NaO(Na 2 O) (n−1)/2 + have a peroxide ion (O 2 2− ) as a substitute for an oxide ion (O 2− ) of Na(Na 2 O) (n−1)/2 + . As a result, both stable series, Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + , are closed-shell compositions. These closed-shell characteristics have a strong influence on the stability of sodium oxide cluster cations.
I. INTRODUCTION
It is well known that there are three kinds of compositions, Na 2 O, Na 2 O 2 , and NaO 2 , in sodium oxides. This feature is described as the change of oxygen species: oxide ion O 2− , peroxide ion O 2 2− , and superoxide ion O 2 − . The sodium oxides are readily hydrolyzed by water and much more reactive compared to transition metal oxides, because of highly electropositive character of the metal [1] . This is one of the main reasons why sodium exists mainly as rock salt (NaCl) in lithosphere, and sodium oxides are less abundant. To understand such high reactivity from a microscopic viewpoint, it is important to know the structures and reactivities of sodium oxide clusters which are regarded as partial structures of the bulk sodium oxide solid.
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* Author to whom correspondence should be addressed. E-mail: misaizu@m.tohoku.ac.jp ions in the gas phase were performed for cations by Martin and his coworkers [2] and for anions by Kaya and his coworkers [3] . The predominant cluster ion series were Na n O 2 + in the former study, and Na n O − and Na n O 2 − in the latter study. The intensity anomalies at specific cluster sizes of these series in the mass spectra (magic numbers) were successfully explained by the jellium model. Photoelectron spectroscopy of mass selected cluster anions was also performed for Na 3 O − [4] and Na n O 2 − (n=41−148) [5] . In addition, crossed beam experiment between sodium clusters and oxygen molecule was examined by Kappes and his coworkers [6] . In most of the previous studies mentioned here, the number of oxygen atoms in the target sodium oxide clusters was limited to 1 or 2.
In the theoretical calculation studies, structures of small-sized sodium monoxide and dioxide clusters were discussed for Na n O +/0/− and Na n O 2 +/0 (n≤10) [6−12] . Weak interatomic bondings and delocalized electron characters like metal clusters were pointed out especially for the larger clusters [11] .
Recently, our group investigated the structures of metal oxide cluster ions of the first-row transition metals such as Ti [13] , V [14, 15] , Cr [16] , Fe [17] , Co [18] , Ni [19] , and Zn [20] by using ion mobility mass spectrometry (IM-MS), which is a combination of ion mobility spectrometry (IMS) and mass spectrometry (MS). This technique is a powerful analytical method to determine mass, charge, and a rough structure of an ion in the gas phase. Geometrical structures of the ions were assigned by comparing experimental collision cross sections (CCSs) determined from the IMS measurement with theoretical CCSs of structures optimized by quantum chemical calculations. This method has an advantage to be applicable relatively easily to a wide range of cluster sizes. As for the stable compositions, the ratio of the number of metal atoms to that of oxygen in these clusters was found to range from 1:1 to 1:3, which is consistent with the fact that these transition metals have oxidation numbers between 2 and 6. In the calculated structures of these near stoichiometric metal oxide clusters, oxygen atoms tended to appear on the outside of the clusters. On the other hand, the sodium oxide clusters are expected to have near compositions of normal oxide (Na 2 O), and thus the metal atoms are more likely to appear outside than the transition metal oxide clusters noted above. From a viewpoint of electronic structures, it was possible to discuss the oxygen species such as O 2− , O 2 2− , and O 2 − in the various compositions of sodium oxide clusters, since the oxidation number of sodium is fixed at 1. Such discussions were difficult for the transition metal oxide clusters, because changes in the oxidation number on the transition metals must be taken into account.
In the present study, the stoichiometric composition of sodium oxide cluster cations, Na n O m + (n:m≈2:1), generated in an ion source condition that oxygen gas was sufficiently present, have been discussed from the MS measurement. Structures of the cluster cations have been also examined by IM-MS combined with quantum chemical calculations.
II. EXPERIMENTAL AND THEORETICAL METHODS
The IM-MS experiments were performed using a home-built vacuum apparatus composed of a cluster ion source, ion-drift cell for IMS [21] , and a reflectron time-of-flight (TOF) mass spectrometer [22] . Details of the experimental setup and procedures for IM-MS have been reported previously [23, 24] . Briefly, sodium oxide cluster cations, Na n O m + , were generated by a laser vaporization method in which the second harmonic of a Nd:YAG laser was focused onto a rotating and translating sodium rod. The microplasma containing sodium vapor produced by laser vaporization was cooled by a mixture gas of O 2 and He expanded from a pulsed valve with a stagnation pressure of 0.4 MPa. The O 2 mixing ratio was typically 5%. The sodium oxide cluster ions grew in a channel (10 mm length, 3-mm inner diameter) of the cluster source to enhance the collisions. Cluster ions were injected into the ion-drift cell with kinetic energies (E inj ) of 50−250 eV by a pulsed electric field at a given time (t=t 0 ). The cell was 100-mm long and was filled with He buffer gas at a pressure of 0.80 Torr, and a drift electric field of 10 V/cm was applied to guide the ions downstream. The cell temperature was cooled down to 150 K by liquid N 2 circulation.
The velocity of the cluster ions injected into the cell was first decreased by collisions with He buffer gas atoms at the inlet of the cell. Then, because of a balance between deceleration by buffer gas collisions and acceleration by the applied electric field, E, inside the cell, drift velocity of the ions, v d , becomes a constant value that is proportional to E, that is,
in which the coefficient K is known as ion mobility [25] . An equation of the ion mobility [25] K was given from the ion transport theory as
where e is the elementary charge, N is the number density of the buffer gas, k B is the Boltzmann constant, µ is the reduced mass of the ion and the buffer gas atom, and Ω (1,1) is a collision integral representing an average of momentum transfer cross section over collision energy and orientations. When we treat the ion and the neutral as a hard sphere without internal states, the collision integral is reduced to the hard-sphere CCS, Ω. The term T eff , effective temperature of the ions, is given by
where T BG is the buffer gas temperature, and m B is the mass of the buffer gas atom. In order to facilitate the comparison between experimental and theoretical results, the mobility K is usually converted to a reduced mobility, K 0 , which is defined by
Here p is the gas pressure in torr and T BG is the gas temperature in kelvin.
After passing through the cell, the ions were reaccelerated by pulsed electric fields in an acceleration region of the TOF mass spectrometer at a specific time from the first pulse, t=t 0 +∆t. A series of TOF mass spectra were obtained sequentially by scanning the "arrival time", ∆t, between the injection pulse and ion acceleration pulse. The time spent in the cell was related to the CCS between the ion and the buffer gas, based on the ion transport theory [25] , therefore, the CCS of a given target ion was deduced from the measured arrival time distribution of the ion.
To estimate the theoretical CCSs of the sodium oxide cluster cations, quantum chemical calculations for the geometry optimization of sodium oxide cluster cations were performed. Present calculations were carried out by using the density functional theory program of Gaussian 16 [26] . The 6-311+G
* basis set and the B3LYP functional were used in these calculations. Orientationaveraged CCSs of the cluster ions were calculated by using the projection approximation [27] which is included in the MOBCAL program [28] . In this approximation method, the orientation-averaged projected area of each structure was assumed as the CCS of the cluster ion. With a quantum-chemically calculated structure, only adjustable parameters in this approximation are the hard sphere radii of the constituent sodium and oxygen atoms. In the present calculation of the CCSs, we used atomic radii of 1.14 and 1.30Å for sodium and oxygen atoms, respectively. These radii were determined by scaling so as to reproduce the experimental CCS of Na 7 O 3 + , with keeping the ratio of the crystal radii of Na + and O 2− ions (1.13 and 1.28Å, respectively) [29] . All oxygen atoms were assumed to be O 2− in this calculation, although there were a small number of O 2 2− species in addition to O 2− as discussed later.
III. RESULTS AND DISCUSSION

A. Stable compositions of sodium oxide cluster ions
FIG. 1 shows typical mass spectra of sodium oxide cluster cations, Na n O m + (n=2−11). Each TOF mass spectrum was obtained by summing up all the TOF mass spectra obtained at every arrival time in the measurement. In the injection energy (E inj =50 eV) condition (FIG. 1(a) ), various compositions were observed for Na n O m + with the n:m ratio ranging from 2:1 to 1:1. As for odd n, the cluster ions were observed for from m=(n−1)/2 to m=n−1 in the size range shown in FIG. 1(a) . The intensities of even n series were weaker than those of odd n series. In particular, the intensity of n=4 (Na 4 O 2 + ) was very weak. In the crossed beam ex- [30] .
In the E inj =250 eV condition (FIG. 1(b) ), the cluster cations are dissociated by collisions with He buffer gas at the inlet of the cell more efficiently than at E inj =50 eV. As a result of this collision induced dissociation processes, cluster ions have a tendency to be preferentially dissociated to more stable compositions. For example, the collision energies of Na 7 O 3 + (m/z=209) and He in the center-of-mass frame were 0.96 eV for E inj =50 eV and 4.7 eV for E inj =250 eV conditions. Therefore, the dissociation energies were expected to be the order of a few eV. In FIG. 1(b) , Na 3 O + , Na 5 O 2 + , Na 7 O 3 + , Na 9 O 4 + , and Na 11 O 5 + were mainly observed as stable compositions. This result is reasonable because these compositions are closed-shell configurations, and the stoichiometric compositions can be written as Na(Na 2 O) (n−1)/2 + . In addition to the series, Na 5 O 3 + , Na 7 O 4 + , Na 9 O 5 + , and Na 11 O 6 + , namely NaO(Na 2 O) (n−1)/2 + series, were observed. The number of sodium atoms, n, in both series was odd, and compositions with even n were limited to Na 2 O + , Na 2 O 2 + , and Na 6 O 3 + . It means that the parity of n strongly influences the stability of the sodium oxide cluster cations. From a viewpoint of the oxygen species such as O 2− , O 2 2− , and O 2 − , most of the oxygen atoms were assigned to be O 2− from these observed compositions in the 250-eV condition. However, normal oxide (Na 2 O) and peroxide (Na 2 O 2 ) were contained at E inj =50 eV condition, from the observation that the n:m ratio was between 2:1 and 1:1 as noted above. in FIG. 3 , the arrival time tends to increase with increasing mass, because the CCS increases with the number of atoms in the cluster ions. Accordingly, the arrival time of NaO(Na 2 O) (n−1)/2 + tends to be longer than those of Na(Na 2 O) (n−1)/2 + with the same n. This general relationship sometimes does not hold due to a large structural difference. Gradual broadening of the peak widths was also observed with increasing n. As a result of analysis based on gasdiffusion theory, this broadening was mainly due to the diffusion of ion packets before injection to the ion drift cell as discussed in our previous work [31] .
Next, the structures of the stable Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + series were discussed for n=3, 5, 7, 9, and 11. Calculated structures of these compositions are shown in FIG. 4 . Experimental CCS (Ω exp ) of each composition, theoretical CCS (Ω calc ) of each calculated structure, and relative energy of each isomer   FIG. 4 Optimized structures of stable sodium oxide cluster cations, Na(Na2O) (n−1)/2 + and NaO(Na2O) (n−1)/2 + series for n=3, 5, 7, 9, and 11. The compositions and experimental CCSs (Ωexp/Å 2 ) are shown in the left column, and the structures, theoretical CCSs (Ω calc /Å 2 ), and relative energies (∆E/eV) are shown in the right sides. Purple and red spheres indicate sodium and oxygen atoms, respectively. The structural and energy calculations were done at B3LYP/6-311+G * level. Bold Ω calc values indicate assigned structures. [32] , were in some cases used as initial geometries in the calculation, because there were few previous studies on structures of stoichiometric compositions of sodium oxide clusters. In the present calculations, the compositions with n≤9 were performed for singlet and triplet states. The singlet states were more stable than triplet in the compositions. Then, spin multiplicities for n=11 were fixed to be singlet.
For n=3 compositions, Na 3 O + and Na 3 O 2 + were both assigned to D 3h triangle structures as shown in the figure and also discussed in the previous calculations [7−11] . As shown in FIG. 1(b) , the intensity of Na 3 O 2 + was too small in the high injection condition to be considered as a stable composition. For Na 5 O 2 + , two structural candidates were calculated in this study. The most stable structure has three bridging sodium atoms between two oxygen atoms (Ω calc =50.9Å 2 and ∆E=0.00 eV), whereas the other has only one bridging sodium atom (Ω calc =57.7Å 2 and ∆E=0.92 eV). The structure of Na 5 O 2 + was assigned to the most-stable structure, because the calculated CCS value well reproduced the experimental CCS value (Ω exp =49.1±2.1Å
2 ). This structure was consistent with the previous calculation [11] . For Na 5 O 3 + , both of the two calculated structures were found to be similar to the structures of Na 5 O 2 + : One oxygen atom of each Na 5 O 2 + structure candidate noted above was replaced by two oxygen atoms in the corresponding Na 5 O 3 + optimized structure. From the comparison between the experimental CCS (Ω exp =51.5±2.1Å
2 ) and calculated CCSs, the structure of Na 5 O 3 + was assigned to the most stable one (Ω calc =52.5Å
2 ) which is similar to the assigned Na 5 O 2 + structures noted above. This result indicated that all oxygen atoms of Na 5 O 2 + were oxide ion (O 2− ), and Na 5 O 3 + had one peroxide ion (O 2 2− ) as a substitute for an oxide ion. For Na 7 O 3 + , three structural candidates were calculated. The most stable structure was chosen as the standard structure of the projection approximation, because the structure was regarded as a partial structure of the bulk. The structure of Na 7 O 4 + (Ω exp =66.5±1.8Å 2 ) was assigned to the most stable one (Ω calc =66.4Å
2 ) having a similar frame to the assigned Na 7 O 3 + , as in the case of Na 5 O 3 + and Na 5 O 2 + . In the stable clusters of n=3, 5, and 7, the experimental CCSs of NaO(Na 2 O) (n−1)/2 + series were larger than those of Na(Na 2 O) (n−1)/2 + series, and NaO(Na 2 O) (n−1)/2 + and Na(Na 2 O) (n−1)/2 + had similar structural frames. For n=9, on the other hand, the experimental CCS of Na 9 O 5 + (74.7±2.1Å 2 ) was slightly smaller than that of Na 9 O 4 + (75.3±2.3Å 2 ). Four structural candidates were calculated for each composition as shown in FIG. 4 . The structure of Na 9 O 4 + was assigned to the most stable isomer (Ω calc =75.7Å 2 and ∆E=0.00 eV). On the other hand, three isomers were obtained with close energies within the range of E≤0.05 eV for 2 ) was too small compared with the experimental CCS. The weighted average value of the three theoretical CCSs of Na 9 O 5 + was obtained to be 73.4Å
2 under the assumption that the equilibrium was reached at T eff ≈180 K. Therefore, the coexistence of the three structures could have been observed in the arrival time distribution because of the insufficient resolution in the present mobility measurement. For n=11, four and three structure candidates were calculated for Na 11 O 5 + and Na 11 O 6 + , respectively, and both compositions were assigned to the most stable structures. It was important to obtain the reduced mobilities K 0 in addition to the CCSs, because K 0 is a physical quantity which is specific to the ion species. The experimental and calculated reduced mobilities of Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + series are listed in Table I . The calculated K 0 were obtained by the MOBCAL program. The experimental K 0 were slightly smaller than calculated K 0 due to the difference between the buffer gas temperature T BG and the effective temperature T eff . In the calculation of K 0 , the low electric field condition is usually assumed in which T eff was almost same as T BG . However, T eff was higher than T BG in the present experiment (for example, T eff ≈180 K and T BG ≈150 K for Na 9 O 5 + ).
C. Oxygen species in the cluster ions
The compositions of Na(Na 2 O) (n−1)/2 + were regarded as closed-shell clusters in which each oxygen was an oxide ion (O 2− ). All bonds in the assigned structures of Na(Na 2 O) (n−1)/2 + were between sodium and oxygen. On the other hand, there was one oxygen-oxygen bond in addition to Na−O bonds in the structures of NaO(Na 2 O) (n−1)/2 + . It means that NaO(Na 2 O) (n−1)/2 + has a peroxide ion (O 2 2− ) as a substitute for an oxide O 2− ion in Na(Na 2 O) (n−1)/2 + . Therefore, Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + can be regarded as [(Na
+ , respectively. The distances of the oxygen-oxygen bond found in the assigned structures of NaO(Na 2 O) (n−1)/2 + are listed in Table II , in addition to the averaged O−O bond distances in bulk structures of Na 2 O 2 and NaO 2 . The distances in the assigned structures were almost the same for all n listed here, ranging from 1.56Å to 1.58Å. These distances were about 5% longer than the distance in bulk sodium peroxide (1.49Å), whereas they were much longer than that in bulk superoxide. This result also confirms the existence of the peroxide ion in NaO(Na 2 O) (n−1)/2 + . As mentioned above, various compositions were observed in the number ratio of Na:O ranging from n:m=2:1 to 1:1 in the low injection energy condition (FIG. 1(a) ), and Na(Na 2 O) (n−1)/2 + were mainly observed in the high injection energy condition (FIG. 1(b) ).
For example, in the case for n=7, FIG. 1(a) , on the other hand, only Na 7 O 3 + and Na 7 O 4 + were observed in FIG. 1(b) . These results suggest that the cluster was destabilized when the number of peroxide ions was two or more. The cluster ion intensities of even n series were weak because they cannot form closed-shell stable compositions, as the notations described above. The closed-shell characteristics have a strong influence on the stability of sodium oxide cluster cations.
In the bulk phase, Na 2 O has the anti-fluorite structure, and the coordination numbers of Na and O atoms are 4 and 8, respectively [33] . Part of the cluster structures assigned above may have partial structures of the bulk, although most atoms in the cluster were on the surface and they had lower coordination numbers than in the bulk. In particular, the structure of Na 7 O 3 + with high symmetry was regarded as a partial structure of the bulk. Therefore, bulk structure is started to be formed from the small clusters as for the sodium oxides.
IV. CONCLUSION
The stable compositions and structures of sodium oxide cluster cations were discussed by using ion mobility mass spectrometry combined with quantum chemical calculations. By the mass spectrometry, various compositions were observed in the number ratio of Na:O ranging from n:m=2:1 to 1:1 in low injection energy condition into the ion-drift cell for ion mobility measurement. They consisted of normal oxides (Na 2 O) and peroxides (Na 2 O 2 ). Stoichiometric compositions series, Na(Na 2 O) (n−1)/2 + , were observed as stable compositions, and NaO(Na 2 O) (n−1)/2 + series were observed as secondary stable series in high injection energy condition. In both series, the number of sodium atoms, n, was odd. On the other hand, the intensities of compositions with even number n excluding Na 2 O + were weak. The parity of n strongly influenced the stability of the sodium oxide cluster cations. The structures of Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + series (n=3, 5, 7, 9, and 11) were assigned by comparison of the experimental and theoretical collision cross sections. In the ten compositions examined in this study, the structures of all compositions except Na 9 O 5 + were assigned to the most stable structures. Na 9 O 5 + was assigned to three isomers with close energies. Except for n=9, Na(Na 2 O) (n−1)/2 + and NaO(Na 2 O) (n−1)/2 + had similar structural frames. It means that NaO(Na 2 O) (n−1)/2 + have a peroxide ion (O 2 2− ) as a substitute for an oxide ion (O 2− ) in Na(Na 2 O) (n−1)/2 + . This assignment of the oxygen species was confirmed from the oxygen-oxygen bond lengths found in the assigned structures. Therefore, not only Na(Na 2 O) (n−1)/2 + but also NaO(Na 2 O) (n−1)/2 + were found to be closed-shell compositions. The closedshell characteristics have a strong influence on the stability of sodium oxide cluster cations.
